A mixed-antigen enzyme-linked immunosorbent assay (ELISA) containing serotype-specific polysaccharide antigens from serotypes 1, 5, and 7 of Actinobacillus pleuropneumoniae was developed. This ELISA was evaluated using sera from experimentally infected pigs. With a negative cutoff value of 0.250 (optical density at 405 nm), sensitivity and specificity were determined to be 96% and 99.5%, respectively. The ELISA was further evaluated using sera from commercial swine. Sows and suckling piglets were found to be the best age groups for detection of positive reactors to A. pleuropneumoniae. The mixed-antigen ELISA could be used in a herd health monitoring program for detection of A. pleuropneumoniae infections.
Actinobacillus pleuropneumoniae is the causative agent of porcine pleuropneumonia, an important disease of swine worldwide. Pigs that survive infection become carriers with few or no signs of disease. 15 Serodiagnosis is the most practical way of detecting chronically infected pigs, 14 which are thought to be the main source of infection when they are introduced into susceptible herds. 11, 13 To accurately assess the immune status of a herd, a both sensitive and specific test is necessary. Also, a knowledge of the likely prevalence of infection in the different production areas (weaners, growers, and finishers) and different management systems (continuousflow vs. all-in/all-out) is required to calculate the number of pigs that should be sampled to accurately reflect the overall status of the population.
Serotype-specific enzyme-linked immunosorbent assays (ELISAs) have been developed using capsular polysaccharide (CPS) antigens from serotypes 1, 5, and 7 of A. pleuropneumoniae. 3, 4 The use of more purified serotype-specific antigens (Ags) reduced the number of false positives detected in serum from conventionally reared animals. 4 However, the extraction process was time consuming and Ag yield was low. Also, because more than 1 serotype is frequently found in any 1 geographical location, use of serotype-specific assays necessitates testing sera against each relevant Ag, which is costly and time consuming.
The objectives of this study were to 1) determine a better method of extracting large quantities of sero-type-specific Ag; 2) develop a mixed-Ag ELISA for detection of serotypes 1, 5, and 7; 3) evaluate this ELISA using sera from experimentally infected swine; and 4) determine the optimal sampling age and size of sample for detection of positive animals in commercial herds.
Materials and methods
Bacterial strains and culture conditions. Representative strains of serotypes 1 (CM5) and 5 (MG 131) were field isolates from southern Ontario (private collection). Stock cultures were stored at -70 C in skim milk and glycerol. For routine growth, a loopful of thawed stock culture was streaked on trypticase soy agar plates supplemented with 5% heated bovine blood and 0.01% nicotinamide adenine dinucleotide (NAD) a and incubated overnight at 37 C in 5% CO 2 .
For preparation of Ags, bacteria were grown in tryptone yeast-extract (TYE) broth 12 supplemented with 0.01% NAD and 2.5% Isovitalex b at 37 C with shaking (175 rpm) until late log phase. Bacteria were harvested by centrifugation at 10,000 x g for 15 min, and the wet weight of the pellet was determined.
Antigen preparation. Carbohydrate Ags were prepared from A. pleuropneumoniae serotypes 1 and 5 using a modification of a phenol-extraction method. 9 Whole cells were resuspended in sterile distilled water (1 g/15 ml), mixed with an equal volume of 90% phenol, and incubated at 56 C for 1 hr. Following centrifugation at 15,000 x g for 15 min, the aqueous phase was carefully removed and an equal volume of 90% phenol (previously saturated with an equal volume of distilled H 2 O) was added. The solution was vortexed, incubated at 22 C for 15 min, and centrifuged as above. The aqueous phase was collected and phenol extracted 5 more times until no precipitate formed at the interface. The final aqueous phase was dialysed using 12-14,000 MWCO tubing c for 18 hr against running tap water then subjected to ultracentrifugation at 100,000 x g for 16 hr to remove lipopolysaccharides.
Highly purified capsular carbohydrate from A. pleuropneu- Table 1 . Mean optical density at 405 nm for antisera against Actinobacillus pleuropneumoniae serotypes 1, 5, and 7 and a negative serum tested in each of the serotype-specific and mixed-Ag ELISAs. moniae serotype 7, strain WF83, was used. d The preparation of this Ag is described elsewhere. 1,2 We did not prepare carbohydrate Ag from serotype 7 using the phenol-extraction method because a source of highly purified material was available, which allowed us to compare the 2 methods of Ag preparation.
All Ags were assayed for carbohydrate 6 and protein content 5 using D-galactose e and bovine serum albumin e as standards. The optimal coating concentration and serotype-specificity of each Ag in ELISA was determined by checkerboard titration as previously described. 3 The mixed Ag was prepared by combining the 3 serotype Ags such that their final concentrations were equal to their individual optimal coating concentrations.
Samples. Serum samples and tonsil swabs were collected from 24 piglets and their dams (8 litters of 3 piglets) in each of 2 herds known to have chronic infections with either serotype 1 or serotype 7 of A. pleuropneumoniae. These samples were first collected when piglets were between 2 and 3 wk of age and then every 3 wk until piglets were 21 wk of age. Tonsillar swabs were collected by rotating a sterile cotton swab over the pharyngeal mucosa in the area of the tonsils. All culture swabs were placed in sealed sterile plastic tubes and kept at 4 C until processed (within 1 hr of collection). The tonsillar swabs were plated onto a selective agar developed for enhanced recovery of A. pleuropneumoniae. 8 Organism-specific sera were produced by experimental infection of disease-free pigs. These sera were obtained from pigs infected with the reference strains of serotypes 1, 5, and 7 of A. pleuropneumoniae and with various other gram-negative organisms of porcine origin. Blood samples were collected at different times following infection.
ELISA. The ELISAs were performed as described previously. 4 Control sera, positive for each of the 3 serotypes, and a pooled negative control serum were included on all plates. These sera were used to determine the optimal coating concentration and specificity of each serotype Ag. All sera were tested in duplicate at a 1:200 dilution. Results were expressed as mean optical density (OD) at 405 nm. The mixed-Ag ELISA was evaluated for sensitivity, specificity, and reproducibility. The negative cutoff value was set at OD 405 = 0.250.
Results
The entire extraction procedure required 3 days and vielded 1-2 mg carbohydrate/g wet weight of cells. The serotype specificities and coating concentrations (based on carbohydrate content) of each individual Ag and the mixed Ag in ELISA are shown in Table 1 . None of the Ags contained detectable protein at their coating concentration. The mean OD 405 values produced by antisera specific for different organisms tested against the mixed Ag in ELISA are shown in Table 2 . Of the sera from pigs infected with other gram-negative organisms, only 1 out of 70 sera tested gave an OD 405 value >0.250 and almost 90% of these sera gave OD 405 values <0.100.
Based on a negative cutoff of OD 405 = 0.250, the mixed-Ag ELISA had a sensitivity of 96% and specificity of 99.5%. The ELISA was highly reproducible; both in-plate and plate-to-plate variability was under 5%.
The results of serologic testing of piglets from 2 chronically infected herds are presented in Fig. 1 . The sera from a high proportion of 3-week-old piglets resulted in OD 405 readings >0.250 (the negative cutoff). The mean OD 405 readings produced by the sera from 3-week-old piglets were strongly correlated with those produced by the corresponding dams' sera (r 2 = 0.72). Passively acquired antibodies appeared to wane by 6 weeks of age and were absent at 9 weeks. The proportion of serum samples resulting in OD 405 readings >0.250 increased at 15 weeks of age. There was no relationship between the OD 405 readings produced by sera-from 3-week-old pigs and those produced by sera from the same pigs at 18 and 21 weeks of age (r 2 = 0.008).
Actinobacillus pleuropneumoniae was cultured from tonsillar swabs of 2 pigs in the first herd and 1 pig in the second herd. All 3 pigs were > 12 weeks of age when A. pleuropneumoniae was cultured.
Discussion
The phenol-extraction method used in this study was similar to a method described previously 9 in which whole cells of A. pleuropneumoniae were extracted with hot phenol to produce a serotype-specific solution containing 2-4 antigenic components assumed to be polysaccharide or lipopolysaccharide in nature. 8 Later reports 10 indicated that Ag prepared in this manner did not work well in ELISA, presumably because of poor binding of polysaccharides to polystyrene plates. Because Nunc polystyrene plates f bound polysaccharide Ags we11, 3 we decided to reinvestigate the usefulness of phenol-extracted Ags in ELISA. The serotype specificities of the phenol-extracted Ags were comparable to those of the capsular polysaccharide Ags used in earlier studies. 4 The method of Ag preparation used in this study begins at the phenol-extraction stage of the previous method; 4 however, whole cells were used rather than material precipitated from culture super- natants, thus decreasing the time and reagents used and greatly increasing the yield of surface carbohydrate. The specificities of the phenol-extracted Ags were also comparable to that of the highly purified 1,2 serotype 7 CPS used. Thus, both methods of Ag preparation result in specific Ags that work well in ELISA. However, it is not necessary to use highly purified material to achieve specific results. It should be possible to use the phenol-extraction method to obtain specific Ags from other serotypes of A. pleuropneumoniae; however, this remains to be determined.
Overall, the mixed-Ag ELISA was highly sensitive, specific, and reproducible. Based on a negative cutoff value of OD 405 = 0.250, the specificity was 99.5% and sensitivity was 96%. Both in-plate and plate-to-plate variability was <5%. There was some variability in detection of specific antibodies in pigs infected with the different serotypes of A. pleuropneumoniae, depending on the time postinfection. The highest variability was seen in sera collected at 14 days postinfection from the serotype l-infected pigs and in sera collected at 108 days postinfection from serotype 7-infected pigs. These results suggest that the maximum antibody response may occur around 3 weeks postinfection and that antibody levels may decrease in the absence of active infection. More sera taken at shorter time intervals should be tested to determine the kinetics of the antibody response.
Antibodies to A. suis were not detected by the mixed-Ag ELISA. This finding is in contrast to earlier findings that antibodies to A. suis cross-reacted with A. pleuropneumoniae CPS Ags in ELISA. 4 It is unknown whether the earlier CPS Ags were not as specific as the phenol-extracted Ags or if the pigs that were naturally infected with A. suis had also been exposed to A. pleuropneumoniae. Also, it is not known whether there is more than 1 serotype of A. suis that might cross-react differently with some serotypes of A. pleuropneumoniae.
The mixed-Ag ELISA would be useful in a health monitoring program to detect the presence of A. pleuropneumoniae. The age groups most appropriate to sample to serologically detect positive reactors would be the sows or suckling piglets. Titers of piglets from 3 days to 4 weeks of age are similar to the dams' titers, but this high level of passive immunity decreases rapidly after 4 weeks of age. 4, 16 Culturing of tonsillar swabs did not appear to be a sensitive test for herd evaluation. Recovery rates have been reported to be higher for tonsillar swabs from pigs > 10 weeks of age; 17 however the herd involved in that study was experiencing active cases of pleuropneumonia at the time of sampling.
The prevalence of positive reactors may be quite low in the grower-finisher stage in herds that employ an all-in/all-out management, depending on the infection status of the pigs when the barn is filled. Both herds in this study used a continuous flow grower-finisher housing system with large numbers of pigs in the same air space, and even then, the prevalence of positive reactors was <20% in the market-weight pigs. This -finding supports the hypothesis that in the absence of active infection, serum titers to A. pleuropneumoniae are low. Also, the rate of transmission of pleuropneumonia in chronically infected herds without active cases may be low, resulting in a low prevalence of seroreactors. Therefore, a herd should not be declared free of A. pleuropneumoniae infection on the basis of negative serology in grower pigs unless large numbers of these pigs have been sampled. 7.
